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While the low-energy excess observed at MiniBooNE remains unchallenged, it has become increasingly
difficult to reconcile it with the results from other sterile neutrino searches and cosmology. Recently, it has
been shown that non-minimal models with new particles in a hidden sector could provide a better fit to the
data. As their main ingredients they require a GeV-scale Z′, kinetically mixed with the photon, and an unstable
heavy neutrino with a mass in the 150 MeV range that mixes with the light neutrinos. In this letter we point
out that atmospheric neutrino experiments (and, in particular, IceCube/DeepCore) could probe a significant
fraction of the parameter space of such models by looking for an excess of “double-bang” events at low energies,
as proposed in our previous work [1]. Such a search would probe exactly the same production and decay
mechanisms required to explain the anomaly.
Introduction. Since the discovery of neutrino oscillations,
a tremendous effort in the neutrino sector has been made to
measure the leptonic mixing parameters precisely and to test
the three-neutrino oscillation paradigm. While most of the ex-
perimental results are perfectly consistent with oscillations in
three families, several long-standing anomalies have sparked
the interest of the neutrino community on light sterile neutri-
nos in the past two decades.
The evidence favoring the existence of an eV sterile neu-
trino was first reported by LSND [2], an experiment designed
to measure the oscillation probability in the appearance chan-
nel ν¯µ → ν¯e. At the very small values of L/E considered
in LSND (L being the distance to the detector, and E the
neutrino energy), standard neutrino oscillations have not yet
started to develop and, therefore, a positive signal could in-
dicate the existence of an extra sterile neutrino with a mass
at the eV scale. The LSND result was later confirmed by the
MiniBooNE experiment [3]. MiniBooNE used a higher en-
ergy neutrino beam and a longer baseline that at LSND but
keeping the same value of L/E in order to probe the same
sterile neutrino mass scale. The collaboration reported ex-
cesses both in the νµ → νe and ν¯µ → ν¯e channels, with a
significance which is now at the 4.7σ [4].
However, in spite of this impressive statistical significance,
the interpretation of the data in a 3+1 scenario (that is, adding
a sterile neutrino to the three neutrinos in the Standard Model)
suffers from tension on several fronts when confronted with
the results from other experiments. First, the excess observed
at MiniBooNE takes place at lower energies than expected
from the LSND result. Moreover, a positive result in the ap-
pearance channels should be supported by a signal in the dis-
appearance channels (
(– )
ν µ → (– )ν µ, and (– )ν e → (– )ν e) as well,
since in a minimal sterile neutrino scenario the probabilities in
the appearance and disappearance channels are related. While
reactor and radioactive neutrino experiments seem to observe
a∼ 3σ deficit of events with respect to theoretical predictions,
all searches in the
(– )
ν µ → (– )ν µ disappearance experiments have
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been negative so far (for recent global fits to neutrino data
see, e.g., Refs. [5–9]). This effectively rejects the minimal
3+1 sterile neutrio hypothesis at high confidence level [5, 6].
Finally, additional tensions arise from cosmological observ-
ables, both from measurements of the number of effective de-
grees of freedom at the time of Big-Bang Nucleosynthesis as
well as from measurements of the sum of neutrino masses
from the Cosmic Microwave Background and structure for-
mation data [10, 11].
In view of the difficulties that the vanilla 3+1 hypothesis
is facing in order to explain the MiniBooNE low-energy ex-
cess (LEE), it is worth exploring non-minimal explanations.
At this point, it is worth noting that while the MiniBooNE
excess takes place in electromagnetic showers, the detector
cannot distinguish if these are produced by photons or elec-
trons. Therefore, an interesting possibility (to be tested by
the MicroBooNE experiment at Fermilab [12]) is that the ex-
cess comes from photons instead. Within the Standard Model
(SM) framework, an excess of photons may come from cross
section uncertainties or an underestimated background. While
a promising candidate would be single-photon production in
NC interactions [13–16] it has been shown that this con-
tribution is insufficient to successfully fit the observed ex-
cess [17, 18]. Conversely, if the LEE is due to new physics
(NP), it could be explained by the production of heavy neu-
trino that decays very promptly emitting a photon [19–21].
Such scenarios successfully evade the constraints from dis-
appearance experiments, as the heavy neutrino would not be
produced in oscillations but in the up-scattering of light neu-
trinos inside the detector. Models of this type, where the neu-
trino has a non-standard transition magnetic moment, are able
to fit the energy distribution observed at MiniBooNE better
than a 3+1 hypothesis with an eV-scale sterile neutrino. How-
ever, if the production of the heavy state takes place through a
photon this leads to a too forward-peaked angular distribution
of events, which fails to reproduce the measurements reported
by the collaboration. In addition, it is unclear that the required
value of the transition magnetic moment is experimentally al-
lowed by other constraints, see Refs. [22, 23].
More recently, variations of the models presented in
Refs. [19–21] have been put forward, where the heavy neu-
trino interacts with a new massive gauge boson (Z ′) result-
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2ing from an extra U(1)′ symmetry [24, 25]. The new par-
ticles introduced in this case interact with the SM fermions
only via mixing: the Z ′ is kinetically mixed with the pho-
ton, while the heavy neutrino mixes with the active neutrinos.
In this case, the heavy neutrino would also be produced in
up-scattering of light neutrinos, but in this case the interac-
tion would be mediated by the Z ′. Once produced, it would
travel a macroscopic distance and decay via the new inter-
action, leading to an e+e− pair in the final state: if the two
Cherenkov rings overlap, the observed signal would also be
misidentified as a single electron-like event at MiniBooNE.
Thanks to the newly introduced massive gauge boson, the an-
gular distributions obtained are less forward-peaked, allow-
ing the model to successfully fit both the energy and angular
distributions observed at MiniBooNE. Moreover, besides ex-
plaining the LEE, these scenarios are also theoretically well-
motivated: a minimal modification of the phenomenological
models proposed in Refs. [24, 26] with two hidden states may
be able to generate the SM neutrino masses [26, 27] and could
even accommodate a dark matter candidate [28, 29].
Given that the interactions to the SM fermions are heavily
suppressed via mixing, the parameter space where the dark
neutrino models are able to explain the MiniBooNE anomaly
is difficult to probe experimentally. Modifications to the
νµ neutral-current (NC) scattering cross section with nucle-
ons would take place only at the percent level, well below
current experimental uncertainties [30] (for reviews, see e.g.
Refs. [31, 32]). However, it has been recently pointed out
that relevant constraints can be derived from ν − e scatter-
ing data, given the electron-like nautre of the produced signal
from the decay of the heavy neutrino [33]. In fact, the au-
thors of Ref. [33] have reanalyzed CHARM-II and MINERvA
data and their results disfavor the model proposed in Ref. [26]
in the region of parameter space where both the MiniBooNE
energy and angular distributions are successfully reproduced.
However, while for the model in Ref. [26] the heavy neutrino
production cross section would be coherent, for the model
from Ref. [24] the incoherent contribution would be domi-
nant (due to the higher Z ′ mass considered), and a separate
analysis would be required to derive a constraint.
In this Letter we point out that atmospheric neutrino exper-
iments could probe a significant fraction of the allowed pa-
rameter space of this class of models and, in particular, for the
model proposed in Ref. [24]. For large values of the heavy
neutrino mixing we find that the model would lead to a sig-
nificant excess of NC-like events, since the NP cross section
would be comparable to the SM NC cross section. In addi-
tion, the heavy neutrino would be relatively long-lived and
could propagate over macroscopic distances in the detector
after being produced. As it decays, it may lead to a separate
second shower inside Icecube/DeepCore. Thus, for small val-
ues of the active-sterile neutrino mixing a search for “double-
bang” (DB) events at low energies, as proposed in our pre-
vious work [1], would lead to impressive sensitivities. Such
a search would probe exactly the same production and decay
mechanisms needed to explain the anomaly.
Model details. The model proposed in Refs. [24, 25] ex-
tends the SM gauge group with an additional U(1)′ symme-
try, which is however broken at low energies. A priori, it is
assumed that none of the SM fermions are charged under the
new symmetry. However, unless explicitly forbidden, the new
gauge boson Xµ associated to the hidden U(1)′ symmetry
will kinetically mix with the SM hypercharge boson through a
term of the form [34] BµνXµν , where B and X stand for the
hypercharge and U(1)′ field strength tensors. This induces
couplings to the SM fermions that are suppressed by the ki-
netic mixing parameter χ. At first order in χ, the Z ′ will in-
teract with the SM fermions through the following term in the
Lagrangian:
L ⊃ −eqfcWχf¯γµfZ ′µ , (1)
where Z ′µ is the mass state associated to Xµ, cW is the co-
sine of the weak mixing angle, e is the electron charge and qf
is the charge of the fermion f . The model also requires the
addition of a fourth massive neutrino which does not couple
directly to any of the SM gauge bosons but couples to the Z ′
directly. The whole neutrino flavor and mass bases are related
by the usual unitary transformation να =
∑
i Uαiνi, where
i = 1, 2, 3, 4 and α = e, µ, τ, s refer to the mass and flavor in-
dices, respectively. As a result, the active neutrinos will also
inherit interactions with the Z ′ which are suppressed with the
mixing to the sterile state:
L ⊃ U∗α4g′ν¯αγµPLν4Z ′µ +
U∗α4Uβ4g
′ν¯αγµPLνβZ ′µ + g
′ν¯4γµPLν4Z ′µ , (2)
where g′ is the coupling constant between the fourth neu-
trino and the Z ′. At this point, it should be stressed that the
mixing between active neutrinos and sterile neutrinos in the
MeV-GeV range is tightly constrained in the µ and e sectors
thanks to precision measurements of β- and meson decays. In
the τ sector, on the other hand, laboratory searches are much
weaker due to the intrinsic difficulties of producing mesons
with large branching ratios into ντ . In the region of interest
(m4 ∼ 150 MeV) the most relevant constraints come from
CHARM [35] and NOMAD [36] data (see e.g., Refs. [37]
and [38] for a compilation of bounds). However, since in the
model considered here the heavy neutrino would decay very
promptly these bounds would be considerably relaxed, and
values as large as |Uτ4|2 ∼ 10−3 are still allowed [24].
At MiniBooNE an intense neutrino flux is produced from
meson decays, resulting in a neutrino energy distribution that
peaks at around 500 MeV. The beam composition is primar-
ily νµ in neutrino mode, and ν¯µ in anti-neutrino mode. The
requirements that the model should satisfy in order to fit the
MiniBooNE LEE are summarized as follows (we refer the in-
terested reader to Ref. [24] for further details):
1. The NP should induce an up-scattering cross section
for νµ to the heavy state σZ
′
µ ∼ 0.01σSM (in the
QE regime), where σSM is the SM NC cross section.
This effectively imposes a constraint on the combina-
tion g′2χ2|Uµ4|2/m4Z′ , and favors low masses for the
Z ′ (at the GeV scale) in order to reach large enough
cross sections.
32. The masses of the new particles introduced in the
model control the energy and angular distributions of
the events. In particular, the neutrino mass should lie
between 100 and 200 MeV in order to be able to fit the
observed energy distribution. The angular distribution,
on the other hand, is sensitive to the Z ′ mass. For the
model considered in Ref. [24] (where mZ′ > m4), Z ′
masses below a GeV are disfavored by the fit.
3. The decay of the neutrino should take place inside the
MiniBooNE detector, which imposes a requirement on
its decay length in the lab frame of Lmboonelab . O(1) m.
For a heavy neutrino with a mass m4 ∼ 150 MeV and
energies around 500 MeV, this implies a lifetime cτ ∼
0.3 m. This is satisfied setting |Uτ4| ∼ 8× 10−4.
4. In addition, the branching ratio of the heavy neutrino
into the channel ν4 → ναe+e− should be dominant.
Since |Uτ4|2  |Uµ4|2, |Ue4|2, the decay takes place
predominantly into ντe+e−.
Heavy neutrino production in atmospheric neutrino exper-
iments. Atmospheric neutrinos are a by-product of meson de-
cays produced when cosmic rays hit the top layers of the at-
mosphere. While the resulting flux is primarily composed by
νµ and ν¯µ (resulting from pion and kaon decays), standard
neutrino oscillations in the νµ → ντ channel provide a siz-
able ντ flux contribution for neutrino trajectories crossing the
Earth.
To get an estimate on the expected number of heavy neutri-
nos produced in atmospheric neutrino detectors, it is useful to
compare the expected size of the NP cross section to the NC
cross section in the SM. Within the parton model, the double
differential cross section for the up-scattering in a neutrino-
nucleon interaction reads:
d2σZ
′
α
dxdy
=
2G′2αMEν
pi
M4Z′(q
2
u + q
2
d)
(Q2 +M2Z′)
2
[1+(1−y)2]F(x) , (3)
where M is the proton mass, Eν is the initial neutrino energy,
x is the fraction of the nucleon momentum carried by the par-
ton and y ≡ ν/Eν , with ν = Eν − EN being the energy
transferred in the interaction and EN the energy of the heavy
neutrino in the final state. Here,F(x) = x∑q(fq(x)+fq¯(x))
contains the dependence on the parton distribution functions
(PDFs) of the proton (fq,q¯). In deriving Eq. (3), any effects
due to the mass of the heavy neutrino in the final state have
been neglected (since we are mainly interested in the mass
range below 200 MeV), and an isoscalar target nucleus has
been assumed. Moreover, we have introduced an effective
coupling constant G′α (analogous to the Fermi constant in the
SM, GF ) which depends on the flavor of the incident light
neutrino, α:
G′α√
2
=
g′Uα4χecw
2M2Z′
. (4)
As seen from Eq. (3), the comparison to the SM cross sec-
tion cannot be performed in a straightforward manner due to
the different chirality of the currents involved (left-handed in
the SM, as opposed to vector currents in the Z ′ case). How-
ever, considering that the final event sample contains contri-
butions from both neutrino and antineutrino fluxes (with sim-
ilar intensities) interacting both on protons and neutrons (for
an isoscalar target), the number of heavy neutrinos produced
NZ
′
α due to the up-scattering process ναN → ν4X (where N
is a nucleon and X is the final state hadron(s)) can be taken as
approximately proportional to the number of να-nucleon NC
events in the SM,NZ
′
α ' αNZα . The proportionality constant
reads
α ' G
′2
α
G2F
2(q2u + q
2
d)
g2L,ν(g
2
L,u + g
2
L,d)
(
M2Z′
〈Q2〉+M2Z′
)2
, (5)
with gL,f = T3,f − qf sin2 θw. Here, T3,f is the weak isospin
of fermion f while 〈Q2〉 should be taken as the typical value
of the squared momentum transfer involved in the interaction,
and we have neglected gR,q (since g2L,q  g2R,q). Note that
the energy transfer ν and the invariant mass of the hadronic
shower W 2 relate to the value of Q2 as Q2 = 2Mν + M2 −
W 2.
An estimate on the number of events can be obtained for
the benchmark values given in Ref. [24] that provide a best-fit
to the MiniBooNE anomaly: |Uτ4|2 = 7.8 × 10−4, |Uµ4|2 =
1.5×10−6, χ2 = 5×10−6, g′ = 1 andmZ′ = 1.25 GeV. For
DIS, assuming 〈Q2〉 ∼ O(4) GeV2, this leads to τ ∼ 0.5,
and µ ∼ 10−3 (or, more generally, α ∼ 6 × 102|Uα4|2).
From this naive estimate, it is easy to see that a large num-
ber of NZ
′
τ , indistinguishable from SM NC events, would be
expected at atmospheric neutrino experiments. This is mainly
due to the relatively large values of Uτ4 required in order to
fit the LEE in this model, and it is a very strong statement that
would not even require the observation of the heavy neutrino
decay inside the detector1.
A possibility to avoid a large excess in the NC-like event
sample would be to considerably reduce the size of |Uα4|2,
in order to bring the number of events due to the NP below
experimental uncertainties2. In this case, a DB search would
be mandatory in order to isolate the NP signal.
Icecube/DeepCore Double-Bangs to test the anomaly. The
IceCube South Pole neutrino telescope contains over 5000
Digital Optical Modules (DOM) deployed between 1450 m
and 2450 m below the ice surface. When high-energy charged
particles travel through the ice, they emit radiation that is then
detected by the DOMs. At Icecube, two event topologies
are distinguished: track events, produced by muons, and cas-
cades (or showers), produced by other charged particles such
as electrons or hadrons. The inner core of Icecube, approx-
imately 2100 m below the surface cap, is called DeepCore.
1 The author of Ref. [39] also proposed to search for an excess of cascades
for the model of Ref. [21]. However, in their case the excess would take
place for down-going events, while for the model considered in this work
the excess would take place in the up-going sample.
2 It should be stressed that, in the minimal model considered in Ref. [24],
this would lead to a value of cτ too large to explain the MiniBooNE LEE.
Nevertheless it might be possible to work around this in non-minimal vari-
ations of the model.
4With a DOM density roughly five times higher than that of the
standard IceCube array, DeepCore can observe showers with
much lower energies than Icecube (down to E ∼ 5.6 GeV).
At Icecube, DB events are a standard signal for τ leptons
at ultra-high energies, where the boosted decay length of the
τ is long enough to be able to resolve the two showers from
its production and decay vertices. In this work, however, we
will be considering much lower energies as proposed in our
previous work [1]. In this context, a DB event is defined as an
event that satisfies the following conditions: (a) it should lead
to two distinct showers separated by a macroscopic distance of
at least 20 m; (b) each of the showers should have a minimum
energy of 5.6 GeV in order to be observed at the DOMs; and
(c) the first event should be observed a a minimum of three
(or four) DOMs if the event takes place inside (outside) Deep-
Core, in order to set the detection trigger off. Allowing events
to trigger the detector outside the DeepCore volume may lead
to additional backgrounds from atmospheric muons. We ex-
pect a sufficient reduction of this background by requiring that
the two DB events fall on a straight line and take place in the
up-going direction, which should be achievable given the very
good timing resolution of the DOMs [40]. At low energies
and in the up-going direction, the most important background
that could induce a DB would be coincidental showers from
atmospheric neutrino events (estimated at 0.05 events/yr, see
Ref. [1] for details). However, a careful computation of the
background levels for this search should be carried out within
the experimental collaboration.
From a model-independent perspective, the DB event rate at
Icecube depends solely on two physics observables: the value
of the production cross section inside the detector, which de-
termines the number of heavy neutrinos produced in the inter-
action of atmospheric neutrinos; and the decay length of the
heavy neutrino in the lab frame, Llab, which determines if the
second decay will occur inside the detector. Of course, Llab
eventually depends on the value of the heavy neutrino life-
time cτ , its mass mN and its energy EN . The total number of
DB events per unit of time, where the production vertex takes
place in the up-scattering of να, can be expressed as:
dNDB,α
dt
= ρnucleon
∑
νµ,ν¯µ
∫
dENdEνd cos θ
dφµ(Eν , cos θ)
dEνd cos θ
Pµα(Eν , cos θ)
dσZ
′
α (Eν , EN )
dEN
Vdet(Llab, cos θ) , (6)
where ρnucleon is the average nucleon density in the ice, φµ
is the atmospheric νµ (or ν¯µ) flux, σZ
′
α is the cross section
for the production of the heavy (anti)neutrino in
(– )
ν α-nucleon
interactions, Pµα is the standard oscillation probability in the
(– )
ν µ → (– )ν α channel, and Vdet is the effective volume of the
detector, which depends on the decay length in the lab frame
and the zenith angle θ.
The effective volume of the detector was computed in
Ref. [1] via Monte Carlo integration, where it was found to
be maximal for decay lengths in the lab frame of around
Llab ∼ 100 m. For smaller decay lengths, the effective vol-
ume decreases since the density of the DOM grid is too low to
be able to distinguish the two showers. For much longer decay
lengths, on the other hand, it decreases roughly as 1/Llab as
the neutrinos will typically exit the detector before decaying.
The effective volume also depends on the zenith angle θ, as
expected from geometrical arguments, and is maximized for
trajectories crossing the Earth’s core (cos θ ' −1), where we
expect the transition probability νµ → ντ to be maximal for
energies around Eν ∼ 25 GeV. Coincidentally, at these ener-
gies, for m4 = 150 MeV and cτ ∼ 0.3 m we find a boosted
decay length of 50 m, precisely in the region where we ex-
pect the effective volume of the detector to be close to maxi-
mal. As a reference value, for Llab ∼ 50 m and cos θ = −1
we find Vdet ' 0.05 km3. This is larger than the DeepCore
volume, since we allow events to trigger the detector outside
the DeepCore volume if at least four DOMs are hit simultane-
ously. We have checked that if we additionally require that the
first event takes place inside DeepCore we recover its volume,
as expected.
Numerical results. Our exact numerical calculation agrees
reasonably well with the naive estimate outlined above. The
number of DB events have been computed following Eq. (6).
The cross section has been computed as outlined in Eq. (3)
with the CTEQ6.6 set of parton distribution functions [41, 42],
together with the Parton package [43] for their numerical eval-
uation in Python3. For simplicity, only the contributions from
u, u¯, d, d¯ quarks have been considered, which is expected to
be a good approximation within the range of momentum trans-
fer considered. In order to ensure that the two showers are
above 5.6 GeV and that the interaction falls in the DIS regime,
the following cuts are imposed: 5.6 ≤ (ν/GeV) ≤ Eν − 5.6,
Q2 ≥ 4 GeV2, and W 2 > 1.5 GeV2. Neutrino oscil-
lation probabilities are computed using the GLoBES pack-
age [44, 45] dividing the Earth matter density profile into 20
different layers, each of them with a constant density accord-
ing to the PREM model [46, 47]. The values of the oscilla-
tion parameters are taken at the best fit from a global analysis
of neutrino oscillation data [48, 49]. The atmospheric neu-
trino and antineutrino fluxes have been computed for zenith
angles in the range −1 ≤ cos θ ≤ 0 using the MCEq mod-
ule [50, 51] for Python2, with the SYBILL-2.3 hadronic inter-
action model [52], the Hillas-Gaisser cosmic-ray model [53]
and the NRLMSISE-00 atmospheric model [54]. Finally, the
effective volume of the detector is computed using Monte
Carlo integration, as in Ref. [1].
Our main result is given in Fig. 1, where the colored bands
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FIG. 1: Expected number of DB events per year at Icecube/DeepCore. The left panel shows the result for ντ up-scattering into the heavy
neutrino, while the right panel considers νµ up-scattering. The black star indicates a representative point in the parameter space for the model
of Ref. [24], corresponding to m4 = 140 MeV and cτ ∼ 0.3 m. Note that the benchmark values required to fit the MiniBooNE LEE imply
τ ∼ 0.5 and µ ∼ 10−3 (assuming 〈Q2〉 ∼ 4GeV2, see Eq. (5)).
indicate the regions of parameter space where the expected
number of signal events per year would exceed a certain num-
ber, as indicated by the legend. While the number of events
has been exactly computed following the procedure described
above, our results are given as a function of α and the branch-
ing ratio of the neutrino decay into visible particles, BRvis.
This way we ensure that our results can be easily adapted to
non-minimal versions of this model simply multiplying by the
corresponding value of the product αBRvis. Note that while
at MiniBooNE the up-scattering would take place exclusively
in νµ interactions, at Icecube/DeepCore both νµ and ντ fluxes
are available and may up-scatter into ν4. However, since the
expected νµ and ντ fluxes will be very different due to stan-
dard neutrino oscillations, our results are provided for the two
cases separately.
Given the low background level expected in the SM for this
type of signal [1], even a handful of events may be enough
to reject the background-only hypothesis at high confidence.
Therefore, if the heavy neutrino is mixed with ντ , we find that
a DB search may be sensitive to models with values of  as
low as α ∼ O(10−3), as long as the lifetime and mass of
the heavy neutrino fall inside the region 5 . cτm
GeV
m4
. 10.
It should be noted that ντ up-scattering takes place at Eν ∼
25 GeV (where the oscillation probability νµ → ντ is close
to 1), while for νµ up-scattering the heavy neutrino production
typically takes place at energies above 30 GeV (where the flux
does not oscillate). Therefore, the higher neutrino energies in
the νµ case with respect to the ντ case leads to maximal sen-
sitivities in the right panel for lower values of cτ . Finally,
in Fig. 1 the black star indicates the benchmark point from
Ref. [24], which provides a best-fit to the MiniBooNE LEE.
Assuming BRvis ∼ O(1) we obtain, for their benchmark val-
ues, approximately 930 DB events/yr for ντ up-scattering and
5 DB events/yr for νµ up-scattering.
Conclusions. In this Letter we have shown that the mini-
mal model in Ref. [24] proposed to explain the MiniBooNE
anomaly would lead to a cross section for ντ up-scattering
into the heavy state comparable to the SM NC cross section.
Consequently, this would yield a significant excess in NC-like
events with respect to the SM prediction, observable in the
up-going sample at atmospheric neutrino experiments. Mod-
ified versions of this model, however, may be able to avoid
such large values of Uτ4. We have shown that in this case Ice-
cube/DeepCore could search for an excess of DB events [1],
for heavy neutrino production cross section as low as the per
mille level of the SM NC cross section. However, while the
assumptions made in our computation of the DIS cross sec-
tion have been generally conservative, a careful study of the
actual sensitivity of this signal is needed. This should even-
tually be carried out by the experimental collaboration, in or-
der to include detection efficiencies and a proper Monte Carlo
simulation of the expected background rates.
As a final remark it is also worth pointing out that, even
though this work is mainly motivated by the model proposed
in Ref. [24], our result is more general. In particular, fur-
ther modifications of the model could avoid the correlation
between production and decay processes (either completely
or partially), since this eventually depends on its particle con-
tent and on the mixing between the heavy and SM neutrinos.
Following a completely model-independent approach, in our
numerical analysis we have precisely assumed that the pro-
duction and decay mechanisms may be completely decoupled.
Of course, once a particular model is specified, the available
region of parameter space will be limited to a subset of the
full region shown in Fig. 1, depending on how σ, m4 and cτ
relate to one another.
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